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Abstract 
Polymers of intrinsic microporosity, such as PIM-1, advantageously combine high surface 
areas with good processability, which are attractive properties for hydrogen storage 
applications. Here we address the lack of data on the long-term mechanical stability and 
hydrogen uptake capacity of PIM-1 in a study carried out over 400 days. Our results show 
that most mechanical and surface properties of PIM-1 remain stable over this time. In 
particular, the mechanical strength and elasticity are maintained, and the surface area 
remains constant over the course of our observations. In contrast, we detected a small but 
statistically significant decrease of the hydrogen storage capacity of the material over time, 
particularly in the first stages of aging. We attribute this phenomenon to the slow 
rearrangement of the polymer scaffold in the solid state. Taken together, our experiments 
demonstrate that PIM-1 possesses the long-term stability required for realistic applications in 
hydrogen storage or in gas separation. 
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Introduction 
Hydrogen as an energy vector represents a promising alternative to carbon-based fuels, and 
is expected to contribute significantly to the energy mix of the near future.[1] The storage of 
hydrogen is one of the hurdles that currently limit applications of hydrogen-powered 
systems, in particular for mobile applications where available volume and weight are limited. 
Hydrogen is an appealing fuel owing to its exceptionally high gravimetric energy density and 
higher heating value of 142 MJ kg–1, however its practicality is limited by its very low 
volumetric density at ambient conditions.[2] As a result, various methods to densify hydrogen 
have been proposed, in addition to compression or liquefaction, based on the uptake of 
hydrogen on solid-state supports, via either physisorption or chemisorption.[3] Of relevance 
to this work, numerous high-surface area physisorbents have been reported over the last 
decade, which are able to store significant quantities of hydrogen.[4] The most common 
examples include metal-organic frameworks (MOFs),[5, 6] covalent organic frameworks 
(COFs),[7] porous aromatic frameworks (PAFs),[8] activated carbons,[9] hypercrosslinked 
polymers (HCPs),[10] and microporous polymers.[11-14] Criteria such as affordability, 
thermal and structural stability and hydrogen uptake capacity are typically used to assess 
the viability of a material for hydrogen storage applications.[15] In our work, we consider an 
additional criterion, as we require the developed materials to be processable and flexible. 
Indeed, when used in high-pressure storage tanks, finely divided powders cause additional 
technical difficulties as well as potential safety concerns. Materials which are processable 
and conformable while possessing a sufficient hydrogen uptake capacity are thus 
advantageous in this context. Among the rare materials combining high surface area and 
processability, polymers of intrinsic microporosity (PIMs)[11, 16] represent a promising class 
of compounds. They have been extensively studied,[17] and used to create separation 
membranes[18-28] and gas storage materials.[12, 19, 29, 30] Our group recently studied the 
capacity of PIM-1 for hydrogen storage and its mechanical properties,[31, 32] and 
demonstrated that its relatively limited surface area and hydrogen uptake capacity can be 
significantly enhanced by addition of high-surface area fillers.[33] An important parameter to 
consider when evaluating these materials is their long-term behaviour and stability. For 
example, the ultimate target for durability issued by the U.S. Department of Energy (DoE) 
mentions 1500 charging/discharging cycles over 15 years.[34] Glassy polymers such as 
PIM-1 are intrinsically non-equilibrium materials and are known to lose free volume over 
time, owing to slow rearrangements in the packing of the polymer chains. This physical 
aging[35] was found to be the primary cause of the well-established decay in permeability of 
PIM-1 membranes over time.[36] Interestingly, aging of the polymer was found to impact not 
only its permeability, but also to enhance its selectivity,[37] which is a critical parameter 
when evaluating the performance of polymer-based membranes. The possibility to “reset” 
the polymer to its initial state by treatment with alcohols,[38, 39] and the anti-aging effect of 
porous fillers were also reported.[40] To the best of our knowledge, the work described 
herein represents the first study on the aging of PIM-1 with regard to properties such as 
mechanical strength, surface area and hydrogen uptake capacity. 
Experimental 
PIM-1 was prepared and characterised according to published procedures,[17, 33] and a 
polymer with a number-average molecular weight (Mn) of 55 000 g mol
–1 and a polydispersity 
index of 5.1 was obtained. Self-standing PIM-1 films were prepared by casting chloroform 
solutions (2 wt%) in covered glass Petri dishes (20 cm diameter) to allow slow evaporation 
over 1-2 days. The films were then recovered, cured in a vacuum oven at 80 °C for 8 hours 
to remove residual solvents, and stored in a chamber with controlled, constant temperature 
(20 °C) and relative humidity (50%). Films were taken out of the chamber periodically to 
perform mechanical and surface analyses.  
The mechanical properties of the films were determined with static uniaxial tensile tests. 
Samples were prepared as previously described,[31] following the BS EN ISO 527-3:1996 
standard (1/2 of Specimen type 2), and their thickness was measured with a Mitutoyo 227-
211 Absolute Digimatic Micrometer with measuring force adjustment and accuracy of ± 
0.001 mm. Static uniaxial tensile tests were carried out on an Instron 3369 instrument 
equipped with a 50 N static load cell. A quasi-static speed of 2 mm min–1 was used under 
room temperature and humidity conditions. Samples with visible imperfections were 
excluded from the test, and tests where slipping occurred were not taken into consideration. 
Surface area measurements were carried out using the BET method on N2 adsorption 
isotherms measured at 77 K using a Belsorp II Mini surface analyser (MicroTrac/BELJapan). 
The surface area of samples was calculated in pressure ranges determined based on 
consistency criteria recommended by Rouquerol et al.[41] Low-pressure hydrogen 
adsorption experiments (up to 120 kPa) were performed using a 3Flex instrument from 
Micromeritics, and high-pressure hydrogen uptake experiments (up to 10.6 MPa) were 
carried out using a Sieverts-type volumetric gas dosing analyser (HTP-1) from Hiden 
Isochema. High-purity hydrogen was used (BIP PLUS grade from Air Products) and the 
measurements were performed at 77 K. All H2 isotherms were measured in triplicate on 
~100 mg samples. High-pressure hydrogen uptake isotherms were modelled using a 
methodology developed at the University of Bath, which assumes a two-phase system in the 
pores in which the density of adsorbate is constant.[42, 43] Fitting the measured excess 
uptake isotherm affords the total amount of hydrogen present in the material, which 
comprises adsorbed hydrogen and hydrogen compressed at the centres of the pores. The 
fitting procedure was performed with Origin Pro software (OriginLab) which uses a 
Levenberg-Marquardt method of non-linear fitting. All samples were degassed under high 
vacuum at 80 °C for 15 hours before any N2 or H2 adsorption experiment. 
Results and discussion 
As critical parameters in our search for porous, processable and conformable materials for 
hydrogen storage, the mechanical and surface properties of PIM-1 films (Figure 1), as well 
as their hydrogen uptake capacity were monitored at intervals over 400 days. The films were 
stored in a chamber with controlled, constant humidity and temperature between 
measurements (see Experimental). 
The ultimate strain and stress measured at the beginning of our evaluation (day 1) showed 
values falling in the upper range of those indicated in prior reports,[31] i.e. an ultimate stress 
of 45 MPa for a strain to failure of 8.4% (Figure 2a). We observed a slight decrease of the 
ultimate stress over the first 200 days of aging, after which it slowly increased again over the 
next 200 days. Although we did not observe a clear trend in ultimate strain, it decreased 
from 8.4% to 6.9% between day 1 and day 400. We performed statistical analyses based on 
a two-tailed t-test to investigate the significance of the variations between consecutive tests, 
which showed that the differences in ultimate stress cannot be considered statistically 
significant (p > 0.05). However, the decrease in ultimate strain between fresh (day 1) and 
aged samples (day 400) can be considered statistically significant. In this case, owing to the 
large standard deviations of our measurements, the results fall within the error limits, and 
therefore, the decrease in strain is not substantial. The resulting Young’s modulus (which 
represents the slope of the stress-strain curve in the elastic regime) was also found to 
remain relatively constant over the 400-day period (Figure 2b), which underlines that the 
elasticity of the material is conserved upon aging. Variations in results can be attributed to 
differences in films and samples caused by an arbitrary evaporation process. From these 
Figure 1. a) Chemical structure of PIM-1; b) Structural model of PIM-1 showing its contorted 
nature leading to enhanced microporosity (adapted from ref. [16] with permission from The 
Royal Society of Chemistry); c) Transparent, solvent-cast, 5-cm diameter membrane made 
of PIM-1 over the logo of the University of Bath. 
measurements, we conclude that the key mechanical properties of PIM-1 (tensile strength 
and elasticity) are maintained over time in a range that makes them suitable for use as liners 
in hydrogen storage tanks. Indeed, carbon fibres are the constituent of such tanks with the 
lowest strain to failure (between 0.4 and 1.9%), and PIM-1 is superior to them in that 
regard.[31] 
In order to gain insight on the evolution of surface properties of PIM-1 over time, we 
measured the surface area of samples and their hydrogen uptake properties (Figure 3). The 
surface areas were determined using the BET model on nitrogen adsorption isotherms 
measured at 77 K, and were found to be stable over time as no statistically significant 
evolution was observed during the 400 days of our study. On average, the determined BET 
surface area was 761 m2 g–1, which is within the expected range for thin films made of PIM-
1.[17, 33] At a pressure of 100 kPa, the hydrogen uptake of the polymer was similarly found 
to be constant over time. Within the experimental error of such measurements, the average 
hydrogen uptake at 100 kPa and 77 K is 0.81 wt%, which is consistent with values reported 
in prior articles.[31, 33] As low-pressure hydrogen uptake is based almost solely on surface 
adsorption, a constant hydrogen uptake at 100 kPa and 77 K is consistent with a constant 
surface area. 
Figure 2. a) Ultimate tensile stress (red) and strain (blue) of PIM-1 films over time; b) 
Young’s modulus of PIM-1 films over time. All measurements were repeated on at least nine 
independent samples, and error bars represent standard deviations. Dotted lines are 
provided to guide the eye. 
Figure 3. BET surface area (red) and hydrogen uptake (blue, measured at 100 kPa and 77 
K) of PIM-1 films over time. Error bars on the BET surface areas represent the error 
associated with the linear regression analysis part of the BET method, whereas error bars 
on hydrogen uptakes represent the average variation we typically observed on running 
independent measurements (7%). Dotted lines are provided to guide the eye. 
To assess the potential of PIM-1 for hydrogen storage under realistic conditions, we 
performed hydrogen uptake experiments at higher pressures, up to 10 MPa. Owing to the 
complexity of the measurements and the instrument time required, we limited our high-
pressure uptake measurements to days 1, 111 and 400, as shown in Figure 4. Within the 
available data, we observe a marked decrease in total hydrogen uptake between days 1 and 
111, as the total hydrogen uptake estimated at 10 MPa decreased from 2.60 wt% to 2.15 
wt% in that time interval. The hydrogen uptake then further decreased between day 111 and 
day 400 (at which point it was determined to be 1.90 wt% at 10 MPa), albeit at a reduced 
rate. We hypothesise the loss of capacity at high pressures stems from the rearrangement of 
the polymer scaffold over time. Two structural changes can result from such 
rearrangements: a) Firstly, a collapse of the largest pores, leading to a smaller available free 
volume inside the material, has been observed as a consequence of polymer aging.[36] As a 
result, once the surface is saturated with adsorbed hydrogen, less space is available to 
compress additional gas at the centre of the pores, which in turn reduces the uptake at high 
pressures. b) Secondly, age-related collapse of ultramicropores (< 0.7 nm), which are crucial 
for hydrogen adsorption,[5] can also translate into a decreased total uptake. Either 
phenomena would not necessarily induce a marked change in surface areas determined 
with nitrogen adsorption, and therefore would not contradict the findings shown in Figure 3. 
The collapse of large pores would translate in a reduced free volume rather than a reduced 
surface area, whereas ultramicropores are notoriously difficult to probe via N2 adsorption at 
77 K,[44] and might be overlooked in surface areas determinations. Hydrogen uptake at low 
pressure (up to 100 kPa, Figure 3) would not be impacted by such structural changes either, 
as long as enough surface area remains available for hydrogen adsorption. Importantly, 
while these structural rearrangements influence the microscopic structure of the polymer, 
they do not translate into significant changes in the mechanical properties of the bulk 
material, as reported in Figure 2. Even if the hydrogen storage capacity stabilises over time, 
its gradual decrease represents an important parameter to take into account when 
evaluating or using PIM-1 based materials for hydrogen storage. It also provides a strong 
incentive to add porous fillers (e.g. PAF-1) to PIM-1-based membranes, which not only 
enhance their hydrogen storage capacity,[33] but have been demonstrated to provide an 
additional long-term structural stability.[22, 40] 
Figure 4. High-pressure hydrogen uptake of PIM-1 films at 77 K after 1, 111 and 400 
days. The total uptakes are calculated based on modelling of experimentally 
determined excess uptakes (see references [33] and [42] for details). The shaded 
areas represent the 5% uncertainties resulting from experimental variations and 
modelling procedures. 
Conclusions 
This study reports the first long-term evaluation of the mechanical properties and hydrogen 
uptake capacity of PIM-1, monitored over 400 days. We observed that the mechanical 
properties (ultimate tensile stress and strain, elasticity) are maintained over that period of 
time, confirming PIM-1 as an attractive and processable material. The surface area of PIM-1 
films was found to remain constant over time, which is a critical parameter for hydrogen 
storage via surface adsorption. However, the hydrogen uptake under high pressure was 
found to slowly decrease over time, which we attribute to rearranging of the polymer scaffold 
which limits the available free volume inside the polymer. These are important results as 
long-term stability is a crucial parameter if PIM-1 based materials are to be used in 
applications such as mobile hydrogen storage or gas separation membranes. Our 
observations confirm the potential of PIM-1 for these applications based on its long-term 
mechanical and structural stability, and allow us to reiterate the advantageous use of high 
surface area fillers as means to enhance the long-term internal stability of the polymer 
microporous network.  
Acknowledgement 
This work was financially supported by the UK Engineering and Physical Sciences Research 
Council (EPSRC) via SUPERGEN grants EP/K021109/1 and EP/L018365/1. 
References 
[1] Edwards PP, Kuznetsov VL, David WIF. Hydrogen energy. Phil Trans R Soc A. 
2007;365:1043-56. 
[2] Schlapbach L, Züttel A. Hydrogen-storage materials for mobile applications. Nature. 
2001;414:353-8. 
[3] David WIF. Effective hydrogen storage: a strategic chemistry challenge. Faraday 
Discuss. 2011;151:399-414. 
[4] Tedds S, Walton A, Broom DP, Book D. Characterisation of porous hydrogen storage 
materials: carbons, zeolites, MOFs and PIMs. Faraday Discuss. 2011;151:75-94. 
[5] Murray LJ, Dinca M, Long JR. Hydrogen storage in metal-organic frameworks. Chem Soc 
Rev. 2009;38:1294-314. 
[6] Suh MP, Park HJ, Prasad TK, Lim D-W. Hydrogen Storage in Metal–Organic 
Frameworks. Chem Rev. 2012;112:782-835. 
[7] Ding S-Y, Wang W. Covalent organic frameworks (COFs): from design to applications. 
Chem Soc Rev. 2013;42:548-68. 
[8] Pei C, Ben T, Qiu S. Great Prospects for PAF-1 and its derivatives. Mater Horiz. 
2015;2:11-21. 
[9] Sevilla M, Mokaya R. Energy storage applications of activated carbons: supercapacitors 
and hydrogen storage. Energy Environ Sci. 2014;7:1250-80. 
[10] Tan L, Tan B. Hypercrosslinked porous polymer materials: design, synthesis, and 
applications. Chem Soc Rev. 2017;46:3322-56. 
[11] McKeown NB. Polymers of Intrinsic Microporosity. ISRN Materials Science. 
2012;2012:513986. 
[12] Budd PM, Butler A, Selbie J, Mahmood K, McKeown NB, Ghanem B, et al. The potential 
of organic polymer-based hydrogen storage materials. Phys Chem Chem Phys. 
2007;9:1802-8. 
[13] Chang Z, Zhang D-S, Chen Q, Bu X-H. Microporous organic polymers for gas storage 
and separation applications. Phys Chem Chem Phys. 2013;15:5430-42. 
[14] Chaoui N, Trunk M, Dawson R, Schmidt J, Thomas A. Trends and challenges for 
microporous polymers. Chem Soc Rev. 2017;46:3302-21. 
[15] Niemann MU, Srinivasan SS, Phani AR, Kumar A, Goswami DY, Stefanakos EK. 
Nanomaterials for Hydrogen Storage Applications: A Review. J Nanomater. 
2008;2008:950967. 
[16] McKeown NB, Budd PM. Polymers of intrinsic microporosity (PIMs): organic materials 
for membrane separations, heterogeneous catalysis and hydrogen storage. Chem Soc Rev. 
2006;35:675-83. 
[17] Budd PM, Elabas ES, Ghanem BS, Makhseed S, McKeown NB, Msayib KJ, et al. 
Solution-Processed, Organophilic Membrane Derived from a Polymer of Intrinsic 
Microporosity. Adv Mater. 2004;16:456-9. 
[18] Bushell AF, Attfield MP, Mason CR, Budd PM, Yampolskii Y, Starannikova L, et al. Gas 
permeation parameters of mixed matrix membranes based on the polymer of intrinsic 
microporosity PIM-1 and the zeolitic imidazolate framework ZIF-8. J Membr Sci. 
2013;427:48-62. 
[19] Du N, Park HB, Robertson GP, Dal-Cin MM, Visser T, Scoles L, et al. Polymer 
nanosieve membranes for CO2-capture applications. Nat Mater. 2011;10:372-5. 
[20] Fritsch D, Bengtson G, Carta M, McKeown NB. Synthesis and Gas Permeation 
Properties of Spirobischromane-Based Polymers of Intrinsic Microporosity. Macromol Chem 
Phys. 2011;212:1137-46. 
[21] Hao L, Liao K-S, Chung T-S. Photo-oxidative PIM-1 based mixed matrix membranes 
with superior gas separation performance. J Mater Chem A. 2015;3:17273-81. 
[22] Lau CH, Konstas K, Thornton AW, Liu ACY, Mudie S, Kennedy DF, et al. Gas-
Separation Membranes Loaded with Porous Aromatic Frameworks that Improve with Age. 
Angew Chem, Int Ed. 2015;54:2669-73. 
[23] Mason CR, Maynard-Atem L, Heard KWJ, Satilmis B, Budd PM, Friess K, et al. 
Enhancement of CO2 Affinity in a Polymer of Intrinsic Microporosity by Amine Modification. 
Macromolecules. 2014;47:1021-9. 
[24] Mitra T, Bhavsar RS, Adams DJ, Budd PM, Cooper AI. PIM-1 mixed matrix membranes 
for gas separations using cost-effective hypercrosslinked nanoparticle fillers. Chem 
Commun. 2016;52:5581-4. 
[25] Sekizkardes AK, Kusuma VA, Dahe G, Roth EA, Hill LJ, Marti A, et al. Separation of 
carbon dioxide from flue gas by mixed matrix membranes using dual phase microporous 
polymeric constituents. Chem Commun. 2016;52:11768-71. 
[26] Swaidan R, Ghanem BS, Litwiller E, Pinnau I. Pure- and mixed-gas CO2/CH4 separation 
properties of PIM-1 and an amidoxime-functionalized PIM-1. J Membr Sci. 2014;457:95-102. 
[27] Wang X, Liu Y, Ma X, Das SK, Ostwal M, Gadwal I, et al. Soluble Polymers with Intrinsic 
Porosity for Flue Gas Purification and Natural Gas Upgrading. Adv Mater. 2017;29:1605826. 
[28] Weng X, Baez JE, Khiterer M, Hoe MY, Bao Z, Shea KJ. Chiral Polymers of Intrinsic 
Microporosity: Selective Membrane Permeation of Enantiomers. Angew Chem Int Ed. 
2015;54:11214-8. 
[29] McKeown NB, Gahnem B, Msayib KJ, Budd PM, Tattershall CE, Mahmood K, et al. 
Towards Polymer-Based Hydrogen Storage Materials: Engineering Ultramicroporous 
Cavities within Polymers of Intrinsic Microporosity. Angew Chem Int Ed. 2006;45:1804-7. 
[30] Patel HA, Yavuz CT. Noninvasive functionalization of polymers of intrinsic microporosity 
for enhanced CO2 capture. Chem Commun. 2012;48:9989-91. 
[31] Polak-Kraśna K, Dawson R, Holyfield LT, Bowen CR, Burrows AD, Mays TJ. 
Mechanical characterisation of polymer of intrinsic microporosity PIM-1 for hydrogen storage 
applications. J Mater Sci. 2017;52:3862-75. 
[32] Polak-Kraśna K, Fuhrhop C, Rochat S, Burrows AD, Georgiadis A, Bowen CR, et al. 
AFM imaging and nanoindentation of polymer of intrinsic microporosity PIM-1. Int J 
Hydrogen Energy. 2017;42:23915-9. 
[33] Rochat S, Polak-Kraśna K, Tian M, Holyfield LT, Mays TJ, Bowen CR, et al. Hydrogen 
storage in polymer-based processable microporous composites. J Mater Chem A. 
2017;5:18752-61. 
[34] U.S. Department of Energy, Technical System Targets: Onboard Hydrogen Storage for 
Light-Duty Fuel Cell Vehicles (updated May 2017), 
https://energy.gov/sites/prod/files/2017/05/f34/fcto_myrdd_table_onboard_h2_storage_syste
ms_doe_targets_ldv_1.pdf, accessed 15 February 2018. 
[35] Pilnáček K, Vopička O, Lanč M, Dendisová M, Zgažar M, Budd PM, et al. Aging of 
polymers of intrinsic microporosity tracked by methanol vapour permeation. J Membr Sci. 
2016;520:895-906. 
[36] Staiger CL, Pas SJ, Hill AJ, Cornelius CJ. Gas Separation, Free Volume Distribution, 
and Physical Aging of a Highly Microporous Spirobisindane Polymer. Chem Mater. 
2008;20:2606-8. 
[37] Swaidan R, Ghanem B, Litwiller E, Pinnau I. Physical Aging, Plasticization and Their 
Effects on Gas Permeation in “Rigid” Polymers of Intrinsic Microporosity. Macromolecules. 
2015;48:6553-61. 
[38] Bernardo P, Bazzarelli F, Tasselli F, Clarizia G, Mason CR, Maynard-Atem L, et al. 
Effect of physical aging on the gas transport and sorption in PIM-1 membranes. Polymer. 
2017;113:283-94. 
[39] Budd PM, McKeown NB, Ghanem BS, Msayib KJ, Fritsch D, Starannikova L, et al. Gas 
permeation parameters and other physicochemical properties of a polymer of intrinsic 
microporosity: Polybenzodioxane PIM-1. J Membrane Sci. 2008;325:851-60. 
[40] Lau CH, Nguyen PT, Hill MR, Thornton AW, Konstas K, Doherty CM, et al. Ending 
Aging in Super Glassy Polymer Membranes. Angew Chem, Int Ed. 2014;53:5322-6. 
[41] Rouquerol J, Llewellyn P, Rouquerol F. Is the BET equation applicable to microporous 
adsorbents? In: Llewellyn PL, Rodriguez-Reinoso F, Rouqerol J, Seaton N, editors. Studies 
in Surface Science and Catalysis. Amsterdam: Elsevier; 2007. p. 49-56. 
[42] Bimbo N, Ting VP, Hruzewicz-Kołodziejczyk A, Mays TJ. Analysis of hydrogen storage 
in nanoporous materials for low carbon energy applications. Faraday Discuss. 2011;151:59-
74. 
[43] Sharpe JE, Bimbo N, Ting VP, Burrows AD, Jiang D, Mays TJ. Supercritical hydrogen 
adsorption in nanostructured solids with hydrogen density variation in pores. Adsorption. 
2013;19:643-52. 
[44] Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodriguez-Reinoso F, Rouquerol J, et 
al. Physisorption of gases, with special reference to the evaluation of surface area and pore 
size distribution (IUPAC Technical Report). Pure Appl Chem. 2015;87:1051-69. 
